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A Theoretical Model for Predicting Adiabatic Capillary Tube 
Performance: An Analysis and Improvement 
ABSTRACT 
A mathematical model of adiabatic refrigerant flow through capillary tubes is presented. 
When using this model for R22, Chen et al.' s metastable model was improved by a correction 
factor related to Reynolds number. The resulting model can predict most of the experimental data 
for R22 within ±5%. For R134a, with the original metastable correction, the model predicted most 
of the experimental data with ±6% except that having subcooling less than about 5°F. 
INTRODUCTION 
The capillary tube is a constant area expansion device, has no moving parts, nothing to wear 
out, and is simple and inexpensive. Most small refrigeration and air conditioning systems use a 
capillary tube as the expansion device. Another advantage is that the capillary tube allows high and 
low side pressures to equalize during the off-cycle, thereby reducing the starting torque required by 
the compressor. 
By the other hand, the capillary tube is not adjustable to changing load conditions and 
requires the refrigerant charge to be held within close limits. For this reason its use has been 
restricted to systems in which the load and refrigerant charge remain fairly constant, such as 
refrigerators and room air conditioners. 
The capillary tube, although physically simple, is a very complex expansion device. This can 
be confIrmed by the work of Shultz (1985), where the relevant works on capillary tubes, 
performed until 1985, are presented (see also Purvis and Dunn, 1992). 
A literature survey shows that the fIrst works on capillary tubes were performed in the 1940's 
(Swart, 1946; Staebler, 1948). Until the 1960's they were limited to qualitative analyses, due 
mainly to computing limitations. 
The fIrst major study of capillary tube flow was done by Bolstad and Jordan (1948). In this 
work, R12 was circulated through various capillary tubes. Their mathematical model was based 
on the homogeneous flow model and an exact, Fanno flow, thermodynamic state path for the two-
phase region. Marcy (1949) assumed that drawn copper tubing could be treated as smooth for 
friction factor purposes and that the liquid viscosity component dominated in the calculation of the 
two-phase Reynolds number. He also presented a method of how to predict the mass flow rate for 
a capillary tube of specifIed dimensions. 
Hopkins (1950) produced a major work that was later the basis for the ASHRAE capillary 
design curves. Hopkins set forth two methods for capillary tube sizing. One method is convenient 
to use but at the expense of accuracy, and the second method is more accurate but tedious to use. 
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Bittle and Pate (1996) proposed a theoretical model for predicting the adiabatic capillary tube 
performance with alternative refrigerants, in which Chen et al. 's (1990) metastable model was used 
to calculate the mass flow rate of R134a, R152a, and R22. Kuehl and Goldschmidt (1991) studied 
the steady flows ofR22 through capillary tubes using a steady-state model. Melo et al. (1992), in 
a critical analysis of the adiabatic capillary tube modeling, pointed out that reporting of 
experimental data must always include the 'equivalent' or measured inner diameter and also the 
tube roughness. They concluded that in order to adequately validate such models, the two-phase 
friction factor and metastable flow effects require further studies. 
The purposes of this work are to: conduct sensitivity analysis of the important parameters; 
compare thermodynamic models of the choked flow conditions for different refrigerants; study 
two-phase viscosity models; and improve the existing metastable model. 
GOVERNING EQUATIONS 
The fundamental equations governing the capillary tube flow include the continuity, 
conservation of momentum, and conservation of energy equations. In modeling the flow, these 
governing equations along with the second law of thermodynamics must be satisfied through both 
the single phase subcooled liquid region and the two-phase liquid/vapor region. Initially, the 
following additional assumptions are proposed: 
• adiabatic flow with no externally applied work 
• thermodynamic equilibrium through the two-phase region 
• homogeneous two-phase flow 
The homogeneous flow assumption was based on the results of several previous capillary 
research efforts. These included the modeling work by Bittle and Pate (1996) and Kuehl and 
Goldschmidt (1991). 
Continuity Equation 
An axial differential length dx is shown in Figure 1. Applying the continuity equation at the 
inlet and exit plane of the incremental length 
Condenser 
1 
I 
dx 
2 
I 
Figure 1 Flow model incremental length 
2 
Evaporator 
results in the mass flow rate m 
m = VIAl/VI = V 2A2 / V2 (1) 
here V, A, and V represents the velocity of fluid, cross-section area of the tube and the specific 
volume of the fluid, subscripts 1 and 2 denotes the inlet and exit planes of the incremental section. 
For a capillary tube, the cross-sectional area is assumed to be constant throughout the length of the 
tube, so equation I reduces to 
(2) 
In the case of the subcooled liquid region that may exist in the inlet section of the capillary 
tube, the adiabatic assumption translates to a constant fluid temperature that is equal to the inlet 
temperature. The specific volume can then be assumed to be constant, and Equation 2 reduces to 
VI =V2 (3) 
which states that the velocity is constant through the subcooled liquid region. 
Downstream of the point of the onset of vaporization, i.e., the flash point, the refrigerant 
quality increases as the pressure decreases. Therefore, the assumption of a constant specific 
volume does not apply, and Equation 2 is the appropriate form of the continuity equation. 
The mass flux G is defined as 
G=m/A (4) 
Momentum Equation 
The momentum equation can be expressed as 
(5) 
where Dc is the diameter of the capillary tube, and f is the friction factor. The left side of 
Equation 5 shows the pressure drop dp across the differential length dx; the right side of 
Equation 5 shows that this pressure drop is caused by friction and fluid acceleration. 
Through the subcooled liquid region, because the liquid is incompressible (dv=O in 
Equation 5), and the total pressure drop is due only to friction. For the subcooled liquid region, 
Equation 5 reduces to 
jvG2 
-dp=--dx 
2Dc 
Equation 6 can be used to calculate dp or dx if the other is known. 
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(6) 
Through the two-phase region, however, the acceleration component can be significant since 
the specific volume is increasing as the quality increases. The appropriate form of Equation 5 
through the two phase region is 
-
-M=(PI- P2)= fi~O AL+028V 
c 
where f m' V m are average values across the incremental length 8L given by 
Energy Equation 
f - fl + f2 
m- 2 
The energy conservation equation can be expressed as 
applying this equation to a segments with length of 8L, it can be rewritten as 
-02 2 2 hI - h2 = -2-(Vl - V2) 
In the subcooled liquid region, v~ = vi (incompressible), so Equation 11 reduces to 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
Since the change in enthalpy for a subcooled liquid can be considered to be a function of 
temperature only, Equation 12 implies that through the subcooled liquid region there is no change 
in the refrigerant temperature. 
In the two-phase region, the enthalpy and specific volume are calculated using 
(13) 
(14) 
Equation 11 together with Equations 13 and 14 can be used to calculate the quality changes 
across the segments. 
FRICTION FACTOR AND VISCOSITY FOR TWO·PHASE FLOW 
To solve the above governing equations, friction factors for both subcooled liquid and two-
phase fluid must be determined. There are many correlations published for the single phase 
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friction factor. The correlation used in this study is an explicit curve fit that approximates the 
transcendental Colebrook friction factor for single phase turbulent flow (Swamee and Jain, 1976) 
f = 0.25[log(el Dc + 5.74 )r2 
3.7 ReO.9 (15) 
where e is the roughness of the capillary tube and Re is the Reynolds number, which is defmed as 
Re = pVDc = GDc 
Il Il (16) 
where p is the density and Il is the viscosity of the refrigerant 
Equation 15 was developed for calculating the friction factor for single phase flow, using 
liquid or vapor viscosity in Equation 16. In order to calculate the friction factor of the refrigerant 
in the two-phase region, the commonly used method is take the same function as Equation 15 and 
using some proper mixing rules to calculate the two-phase viscosity Il in Reynolds number from 
the corresponding saturated liquid viscosity Ilf and saturated vapor viscosity Ilg • 
Two-phase viscosity models that are reported in the literature include 
(i) the McAdams et al. model (McAdams et al., 1942), given by 
1..= I-x +~ 
Il Ilf Ilg 
(ii) the Cicchitti et al. model (Cicchitti et al., 1960), given by 
Il = xllg + (1- X)llf 
(iii) the Dukler et al. model (Dukler et al., 1964), given by 
Il = [xv gllg + (1- x)v fllrl 
v 
(17a) 
(17b) 
(17c) 
Bittle and Pate (1996) suggested that the McAdams et al. relation is best for adiabatic capillary 
tube modeling, based on their analysis for R134a, R22 and R152a. 
The two-phase viscosity models can also be expressed more generally by the following 
equations: 
Il = Ilf(l- a) + Ilga 
a= XVg 
['1'(1- X)Vf + xVg] 
V v 
'I'=-g =(~t V f V f 
5 
(18) 
(19) 
(20) 
Equation 19 is the defmition of void fraction, Equation 20 is the definition of slip ratio, 
where V g and V f are the velocities of the vapor phase and liquid phase, v g and v f are the specific 
volumes for vapor phase and liquid phase and n is a constant. The Cicchitti et al. model 
corresponds to n=1 and Dukler et al. model corresponds to n=O. 
Interestingly, when n=O.275, Equation 18 gives nearly the same viscosity as McAdams et al. 
at the saturation temperature of 273. 15K for R22. This exponential form was used for parametric 
analyses to explore the importance of the mixing rule. However in the model, the actual mixing 
rules (Equation 17) were used. 
Figure 2 shows the difference of the three viscosity models. It is clear that at the same 
saturation temperature and quality, Cicchitti et al. model gives the highest viscosity, and the Dukler 
et al. model the lowest, from the definition of Reynolds number, it follows that the Cicchitti et al. 
model corresponds to the lowest Reynolds number and highest friction factor, while the Dukler et 
al. model gives the lowest friction factor due to its higher Reynolds number. 
0.25 
0.2 0 n=O.275 
0 Dukler 
A Cicchitti 
0.15 )( McAdams 
0.1 
0.05 
o 
o 0.2 0.4 0.6 0.8 1 
x 
Figure 2 Viscosity changes with quality from different models for R22 
Figures 3 and 4 show the difference between viscosities calculated from McAdams et al. 
model and from Equation 18 for n=0.275. For different temperatures, a different n is needed to 
get the same results for both McAdams et al. model and Equation 18, but the difference is small. 
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Figure 4 R22 viscosity changes with quality calculated from Equation 17a 
and 18 at Ts=253.15K 
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ENTRANCE LOSS CORRECTION FACTOR 
The entrance to the capillary tube can be characterized as a sudden contraction from a large 
diameter tube to the capillary tube diameter. Collier and Thome (1994) reported a correlation to 
calculate the pressure drop associated with a sudden contraction. It is given by 
G2 1 2 1 v Ig !1P =-[(--1) +(1--)][l+(-)x] 
entrance 2p Cc ()2 V I (20) 
G2 ViJ. 
= _v -(l+K)[I+(~)x] 
2 VI (21) 
where e is the ratio of the flow areas before and after the contraction, v is the specific volume, p is 
the density and Cc is given by 
(22) 
As can be seen in Equation 21, the kinetic energy tenn G2v / 2 is empirically modified to include 
the effects of the relative cross-sectional areas e, the vapor-to-liquid specific volume ratio, and the 
inlet quality, x. For a subcooled inlet condition, the quality x in Equation 21 is zero. 
Idelchik (1994) pointed out that the entrance loss for turbulent single phase flow(Re>104) can 
be calculated from 
vG2 LlP entrance = (1 + K) ~ (23) 
where K=O.5 for sudden contraction from a large tube to a small tube. As shown in Table 1, when 
the area ratio e is larger than 10 (see Figure 1), the entrance loss coefficient K from Equation 21 is 
very close to 0.5. Melo et al. (1992) analyzed the entrance loss effects to the mass flow rate, 
varying the K values from 0.1 to 0.9 while modeling the adiabatic capillary tube mass flow rate, 
showing the entrance loss coefficient to have little influence for the subcooled inlet conditions. 
Table 1 K values calculated from Equation 21. 
e 1 1.5 3 5 10 15 20 25 
I+K 0 0.718 1.2788 1.3976 1.4563 1.4526 1.4804 1.4850 
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CRITICAL FLOW 
(1) Basic models 
A critical or choked flow condition can exist at the capillary tube exit plane when the 
evaporation pressure is lower than the critical exit pressure. The critical exit pressure is the exit 
plane pressure corresponding to the critical flow condition. Lowering the evaporator pressure 
below the critical pressure will not increase the mass flow rate through the capillary tube. 
A critical flow or choked flow means that the velocity of the fluid at the exit plane reaches the 
sonic velocity, c, defined as 
c = ~cap / dp)s=const = V~-(dP / dV)s (24) 
in the single phase region, assuming that the fluid flow in the capillary tube near the exit plane is 
isentropic. 
For practical calculations, the critical mass flux Gc is more useful than the sound velocity. It 
can be calculated from the following equation if the exit plane flow process is a isentropic one 
Gc = p~(dP / dp)s = ~-(dP / dv)s (25) 
Practically, because of the refrigerant in the exit section of the capillary tube is a two-phase 
mixture, it is difficult to calculate the sound velocity (or critical mass flux) of refrigerant in two-
phase region. 
Hsu and Graham (1976) present the following general equation for two-phase flow critical 
mass flux: 
G2 -- 1 
c - ~{[ip(l- x)vf + X~][x\{l + (1- x)]} 
dP 
(26) 
where \{I is the slip ratio, v f and v g are the specific volume at saturated liquid and saturated vapor 
state, x is the quality. It is a useful equation for classify the different two-phase critical mass flux 
calculation models. 
The critical mass flux (or sound velocity) of the two-phase refrigerant at the exit plane of the 
capillary tube depends on the model chosen. Generally, the models can be divided into three broad 
categories: homogeneous equilibrium models (HEM); homogeneous frozen models (HFM); and 
nonhomogeneous models. The homogeneous equilibrium models may assume that the fluid flows 
isentropically at the exit plane (called HESM), or isenthalpically (HEHM). 
The homogeneous equilibrium models assume that the vapor and liquid velocities are equal, 
so that the slip ratio is unity, 
V U/ __ g -1 
T - Vf - (27) 
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resulting in 
(28) 
The Homogeneous Equilibrium Isentropic Model (HESM) is derived based on the 
assumption that the flow process of the exit plane is isentropic 
v=vf +x(Vg -Vf) 
dv dVf d[x(Vg -Vf)] dVf dx d(Vg -Vf) 
dP = dP + dP = dP +(Vg -Vf) dP +x dP 
dx 
-= 
dP 
S-Sf 
x=-~ 
Sg -Sf 
x d(sg -Sf) 
(Sg - sf) dP 
Substituting into Equation 28, the following equation for HESM can be derived 
(29) 
Using a similar method, suppose enthalpy at the exit plane is a constant, the following equation for 
isenthalpic flow (HEHM) can be derived 
(30) 
The homogeneous frozen model (HFM) is derived from Equation 26 based on the 
assumption that the quality near the exit plane of the capillary tube is a constant, so the derivative of 
quality with respect to pressure is zero. There are three different HFM methods presented in the 
literature include Smith (1963), Wallis (1969). As pointed out by Pate and Tree (1987), the three 
HFM methods follow a similar pattern, even though the equations are quite dissimilar. 
(2) Graphical Presentation Of Sound Velocity And Critical Mass Flux For Different Models and 
For Different Refri&erants 
Equation 24 shows that the sound velocity can be calculated from the P-p diagram, because it 
is the square root of the slope of the isentropic line. 
Figure 5 shows the P-p diagram for R22 with isentropic, constant quality and saturated liquid 
lines. Figure 6 shows the isentropic lines of R22, R134a and R12 in the two-phase region of the 
P-p diagram. 
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Figure 6 Comparison of P-p diagram of R22, R134a, and R12 
From Figure 6 we can see that at the same pressure, R22 will have the largest slope compared 
to that of R12 and R134a. The dependence of sound velocity with the quality of these three 
substances at 273.15K are presented in Figure 7. The results illustrate that at the same saturation 
temperature and quality, R22 has the highest sound velocity and R12 has the lowest. 
Practically, in a refrigeration system, the evaporating temperature depends on the refrigeration 
application, but the condensation temperature depends on the environmental temperature. So 
different refrigerants may work at similar condensation temperatures but different condensation 
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pressures; therefore the capillmy tube inlet conditions for different refrigerants are in different 
thennodynamic corresponding states, despite having the same degree of subcooling and the same 
inlet temperature. For example, R22 will have much higher condensation pressure than that of 
R12 and R134a. Thus for any given capillmy tube, R22 will have much higher pressure, and 
hence mass flow rate than R12 and R134a at the same inlet temperature and subcooling conditions. 
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Figure 7 Sonic velocity calculated from isentropic model for R22, 
R134a and R12 at saturation temperature of 273.15K 
As pointed out by Pate and Tree (1987) the HEHM model gives a slightly smaller sound 
velocity than that of HESM, this is because the slope of the isenthalpic line is a little smaller than 
the isentropic line as shown in Figure 8. 
The sound velocity is very insensitive to changes in saturated temperatures at constant quality 
in temperature ranges encountered in refrigeration applications. Table 2 shows the results for R22. 
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T bl 2 S d I' f R22 thr diffi a e oun ve ocity 0 at ee erenttenaperatures 
quality (x) Ts=253.15K Ts=273.15K Ts=293.15K 
0 3.48 6.26 10.52 
0.05 21.38 22.36 24.63 
0.1 35.82 35.94 36.96 
0.2 58.80 58.29 57.97 
0.3 77.18 76.63 75.66 
0.4 92.80 92.40 91.11 
0.5 106.54 106.36 104.93 
0.6 118.91 119.00 117.50 
0.7 130.25 130.60 129.09 
0.8 140.76 141.37 139.88 
0.9 150.59 151.46 150.01 
1.0 159.86 160.97 159.58 
Figure 9 shown the conaparison of the sound velocity calculated frona the HFM (Wallis), a 
n=0.275 (Equation 20) line was also included in this Figure. It is shown that the HFM gives 
higher critical naass flux than the HEM. This results can also be dedicated frona Figure 5, where 
constant quality line was plotted in the P-p diagrana, and the slope of constant quality line is higher 
than the isentropic line. 
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Figure 9 Sonic velocity from different models 
The results for sound velocity from different models can be summarized as: HFM gives the 
highest sound velocity, and the HEHM gives a little smaller sound velocity than HESM. For 
different substances here, at the same saturation temperature and quality, R22 will have the highest 
sound velocity and R12 have the lowest among the three substances. 
The critical mass flux can also be calculated from the slope of some constant lines in P-v 
diagram. Figure 10 shows the P-v diagram for R22 in the saturated region, isentropic, constant 
quality and isenthalpic lines are plotted in this diagram. Figure 11 shows the critical mass flux 
changes with quality ofR22 at three different temperatures. Figure 12 is a comparison of the P-v 
diagram of R22, R134a and R12. 
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Figure 10 Isentropic and Isenthalpic line in P-v diagram 
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Figure 12 Comparison of Isentropic lines of different substances in P-v diagram 
Figure 12 shows that, at the same inlet pressure, the three substances may have similar critical 
mass fluxes because the slopes of the isentropic lines are similar. But practically, they are always 
working at nearly the same inlet temperatures, so mass flux differs greatly for the different 
substances. 
(3) Choked Flow Model Selection 
For modeling the choked flow of fluid in capillary tube, a choked two-phase flow model is 
needed to calculate the critical mass flux. Near the exit of the capillary tube, the increments of the 
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length needed to reduce the saturation pressure become progressively smaller. At some point, 
further reduction of the saturation pressure requires a negative length of capillary. Since this is 
clearly an impossible situation, the flow is choked at that point. 
Equation 5 can be rewritten as 
(31) 
dx~ at the exit section requires that 
(32) 
or 
(33) 
The second law of thermodynamics, applied to the exit plane, requires that the entropy change 
at the exit plane must be greater or equal than zero, that is ds~O. The maximum mass flux in the 
exit plane will occur at ds=O, which is the ideal case, so the HESM model will give the highest 
mass flow rate for homogeneous flow. The HEHM assumes dh=O, which means ds>O, so 
thermodynamically this is a more practical assumption. Since the HFM corresponds to the 
situation that ds<O, it is impossible. Because the results of HEHM and HESM are very close 
(HEHM is a little small than HESM), the conclusion is HEHM is the more reasonable one, this is 
consistent with the results of Pate and Tree (1987) 
Metastable Correction 
For the case of the subcooled inlet condition, the thermodynamic equilibrium flash point 
theoretically occurs at the point at which the refrigerant pressure is equal to the saturation pressure 
corresponding to the refrigerant temperature. In actuality, the flash point does not occur at this 
point, due to the fact that a finite amount of superheat is required for the formation of the fIrst 
vapor bubble. The net result is that a liquid region exists at pressures below saturation pressure 
where thermodynamic equilibrium should not allow a liquid to exist. The effect of the metastable 
liquid region is that the actual capillary tube flow rate will be greater than the flow rate that would 
exist under ideal thermodynamic equilibrium conditions. This phenomenon has been observed 
experimentally by many researchers. 
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A metastable flow model presented by Chen et al. (1990) predicts under pressure associated 
with the delay of vaporization, based on experiments with R12: 
(Ps -Pv )(kTs )O.5 
0'1.5 
= 0.679( Vg ) ReO.914 (.1T8C r~·208(D~ r 3.1S 
Vg -VI 7;, D 
(34) 
In Equation 34, Tc is the critical temperature, Ts is the liquid temperature, k is the 
Boltzmann's constant (k=1.380662xlO-23J/molecule.K, theoretically, kT is the molecular 
collision force), 0' is the liquid refrigerant surface tension, Dc is the diameter of the capillary tube, 
and D' is the reference length given by 
D' = (kTs)O.5x104 (35) 
0' 
The underpressure of vaporization (Ps-Pv) is defined as the difference between the saturation 
pressure corresponding to the liquid temperature, and the actual pressure associated with the onset 
of vaporization. 
The empirical constants in Equation 34 were detennined based on the experimental data with 
R12 in a limited parameter range. 
Several studies introduced the Chen et al. 's metastable correction in their models, Dirik et al. 
(1994) used this correction for R134a within the specified parameter ranges with apparent success, 
but Bittle and Pate (1996) found that it was not suitable for R22. 
As pointed out by White (1991), many nondimensional correlations in fluid flow have 
limitations because different substances may work at different thermodynamic corresponding 
states. R12 and R134a have a similar critical parameters so similar results may be obtained, but for 
R22, the critical pressure is very different from with R12. 
Proposed Model 
The present modelis based on the governing Equations 1, 5, and 10. The friction factor is 
calculated from Equation 15, in which Re is calculated based on the definition of Equation 16. 
For two-phase viscosity, McAdams et al. mixing rule (Equation 17a) is selected. The metastable 
model proposed by Chen et al. is also included in the present model. 
Usually, two methods can be used to calculate the mass flow rate of a capillary when the 
dimension and the inlet and outlet conditions are known, one is from the inlet of the capillary tube 
marches step by step downstream to the exit (Bittle and Pate, 1996), another is from the exit back 
to the inlet step by step (Mullen and Bullard, 1994). In the present model, the method from inlet to 
outlet is used. 
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The execution of the capillary tube flow model begins by defining 
• the refrigerant, 
• the capillary tube geometry (Le and De)' 
• inlet and exit conditions (Pinlet, Poutlet' Tinlet or .1Tse)' 
• a constant incremental temperature drop for the two-phase region, and 
• an initial assumed value for the mass flow rate. 
The model's general solution scheme involves guessing the mass flow rate variable until the 
calculated capillary tube length agrees with the actual length and all the constraints on the final flow 
solution are satisfied. 
The liquid length is calculated directly using Equation 6, which is rewritten below in terms of 
the known parameters: 
(36) 
The .1P liq term in Equation 36 is the difference between the liquid pressure just inside the 
capillary tube (after accounting for the inlet contraction loss) and the pressure corresponding to the 
onset of vaporization. When.1P liq includes the underpressure level calculated using Chen et al.' s 
model, the liquid length, ~, sets the flashpoint location. 
Starting at the (metastable) flashpoint and throughout the two-phase region, the model 
assumes the existence of the thermodynamic equilibrium. The solution scheme "marches" the 
calculations downstream from the flashpoint across incremental lengths (Figure 1). For each 
incremental segment, the entering flow condition is known, as well as the exiting temperature 
(based on the input value for the incremental temperature drop). 
In determining the complete set of flow conditions at the exit of an incremental length, the 
continuity equation (Equation 1) is first combined with the energy equation (Equation 11) and 
yields a quadratic equation in terms of the exit quality of the incremental length x2• U sing the 
quality x2, the thermodynamic properties, velocity, and the friction factor at the exit of the axial 
incremental section can be determined. Then the unknown incremental length, .1L, can be 
calculated using the two-phase momentum equation (Equation 7). The flow solution proceeds 
downstream until the accumulated capillary tube length is equal to the actual length, Le• 
A constraint on the flow solution is provided by the second law of thermodynamics. In the 
case of adiabatic flow, this means that the entropy change in the direction of the flow can never 
decrease. as the calculated solution proceeds down the capillary tube, the entropy change across 
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each incremental length is checked to ensure that the change is positive. If a second-law violation 
occurs, the mass flow rate variable is adjusted (decreased) and the solution procedure is restarted at 
the entrance to the tube (Hopkins, 1950). 
COMPARISONS WITH EXPERIMENTAL DATA AND THE IMPROVEMENT OF 
THE METASTABLE MODEL 
The model was fIrst used to calculate the mass flow rate and the results were compared with 
the ACRC (Mullen and Bullard, 1994) model, and agreed within 1 %. The difference is due to the 
difference of the thermodynamic properties, because the present model uses CSD equations of state 
for calculating the thermodynamic properties (except the vapor pressure, which is calculated from 
the specialized vapor pressure equation). After this comparison, the model was used to calculate 
the mass flow rate of R22. 
Por R22, for both Bittle and Pate's data and Meyer and Dunn's (1996), it was found that the 
model underpredicts most of the experimental mass flow rates, except for the smallest tubes that 
Meyer and Dunn used (0.039 in). This result is consistent with the analysis of Bittle and Pate, 
whose tubes were 0.042 inches and larger. This suggests that Chen et al.'s metastable correction 
is not sufficient for R22. This is not surprising because it is developed from R12 data having 
Reynolds number is less than 3.8 x 104, while for the new data the Reynolds number ranged as 
high as 13 x 104• As explained in the previous section, at the same inlet temperature and with the 
same tube dimension, R22 will have much larger mass flow rate than (also higher Reynolds 
number) that of R12. 
Based on a corresponding state analysis, if the capillary tube inlet temperature is l100P for 
R12 and R22, the reduced pressure multiplied by reduced specific volume of R22 is 1.47 times 
larger than that of R12. This means that the R12 and R22 are not thermodynamically similar. 
Therefore at least a coefficient must be multiplied to the Chen et al. 's model in order to calculate the 
metastable effect for substances other than R12, especially for the substances that are not 
thermodynamically similar to R12. The data of Bittle and Pate, and that of Meyer and Dunn, 
display a systematic deviation from the model results, mainly dependent on the Reynolds number 
and tube diameter. However, when the tube diameter is greater than or equal to 0.042 in, the 
deviation appears to be diameter independent. As pointed out by Melo et al. (1992), the 
"equivalent" inner diameter is very important for validation studies. Assuming that the reported 
"nominal" diameters were very close to the "equiValent" or actual diameters, it can be inferred that 
for R22, when the capillary tube's diameter is smaller than 0.040 in, no metastable effect exists. 
After a simulation, a correction factor of Chen et al. 's model for R22 is obtained: 
C* = 0.105x1O-3 ReO.997 (37) 
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Figure 13 compares the resulting model predictions with the measured data. Figures 14-16 show 
the deviation distribution of the results from model and compared with the experimental data. 
When calculating Meyer and Dunn's data, for tube with 0.039 in diameter, the metastable model 
was not used because even without metastable correction, the model still overpredicted the mass 
flow rate. 
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Figure 13 Model predictions compared to measured data 
As shown in these Figures, the modified model can predict most of the experimental data 
within ±5%. Since Kuehl and Goldschmidt didn't report their data in tabular form, the present 
comparison is based on values read from their graphs, which showed scatter and large deviations 
from their own correlation. 
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RESULTS FOR R134A 
Figure 18 shows the model prediction, with Chen et al. 's metastable correction, compared 
with the measured mass flow rate for R134a. It is clear that, when the mass flow rate is higher, 
the Chen et al. 's metastable correction is not enough. 
Figure 19 shows the mass flow rate predictions compared to the measured data for R134a. 
The results show systematic deviations for tubes with different inner diameter. As shown in 
Figure 19, when the tube diameter is smaller than 0.032 in, it appears that the theoretical model 
gives reasonable results; when the tube diameter is larger than 0.042 in, the model underpredicted 
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the mass flow rate. That is, Chen et aI.' s metastable correction is not enough. However for tube 
diameters in the middle of the range, the model always overpredicted the mass flow rate, even 
without the metastable correction. This result is similar to that for R22, and the reasons are not 
clear. Chen et al. 's metastable correction is included in all model results shown in this section. 
Figure 20 shows the deviation distribution for different subcoolings. The data with lower 
subcooling (5°F) may have large differences between the predicted and measured mass flow rate. 
As shown by Meyer and Dunn (1996) in presenting their experimental results, data points with 
lower subcooling may have unstable or metastable behaviors and the experimental results show 
large differences between different tubes, different inlet conditions and for different substances. 
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THE EFFECTS OF THE TUBE INNER DIAMETER ON MASS FLOW RATE 
Most of the papers reported their capillary tube experimental data with nominal inner 
diameters. As pointed out by Melo et al. (1992), in order to validate the model, it is essential to 
identify an equivalent inner diameter. This can be done, in an average sense, by laminar water 
flow calibration. Liu and Bullard (1997) show that extremely high accuracy and repeatability can 
be obtained using this method, because laminar friction factors are independent of tube roughness. 
As shown in Figure 19, the theoretical model gives different average deviations for tubes 
having different diameters. Such results may be attributable to roughness, tube inner diameter, 
metastable effect or the mixing rule for the two-phase viscosity etc. 
In order to quantify the effect of actual vs nominal inner diameter on the mass flow rate, the 
tube inner diameter was re-calibrated for Meyer and Dunn's tubes by using the water flow 
measurement. As shown in Table 3, it is clear that only one tube (with inner diameter of 0.042 in) 
has a large difference between the nominal and equivalent inner diameter. 
Table 3 Nominal and equivalent inner capillary tube diameters 
Nominal Diameter (in) Equivalent Diameter(in) 
0.039 0.0390 
0.042 0.0412 
0.049 0.0491 
Figure 21 compares the predicted results by using the nominal and equivalent diameter for 
tube with inner diameter of 0.042 in. The model suggests that 1 % reduction of inner diameter 
reduces the calculated mass flow rate by about 2%. 
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TUBE ROUGHNESS EFFECT 
Sweedyk (1981) sought to limit the effect of manufacturing variability by advocating a 
revision in the standard for capillary tube production. He suggested that a standard for internal 
surface roughness be added to the existing manufacturing standard. To qualify the variability in 
roughness between different tubes, Sweedyk measured the roughness of a cross section of the tube 
using a profilometer, the results shown large variabilities (from 0.1 ).lm to 1.8 ).lm, average is 
0.2959 ).lm) and this is due to the tubes tested were obtained from different manufacturers and 
from different processes. It is well known that different manufacturing processes will produce 
different surface finishes. Without more information relating tube roughness to manufacturer and 
manufacturing process, no conclusive remarks about roughness variability may be made. 
Melo et al. (1994) made an measurement about the tube roughness for six tube samples (with 
inner diameter from 0.77 mm to 1.05 mm, length from 1.993 to 3.027m). Each sample was 
prepared by first imbedding a small longitudinal section of the tube in a bakelite matrix. Then half 
of the tube wall was removed through a polishing process, exposing the internal surface of the 
tube. The results show that the roughness is from 0.59 J.lm to 0.75 ).lm. It is clear that there is a 
variability associated with the treatment of the frictional pressure loss, and that there is very little 
agreement in the literature on this topic. 
The tube roughness affects the mass flow rate through the friction factor, because the friction 
factor calculation includes the relative roughness (ElDc) in Equation 15. 
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Figure 22 shows the result of the tube roughness effect of the predicted mass flow rate from 
the model for R134a under typical conditions. It is clear that increasing the roughness can reduce 
the predicted mass flow rate by a few percent. 
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Figure 22 The effect of tube roughness on predicted mass flow rate 
Figure 23 show the roughness effect result for tubes having different diameters. The 
roughness will have a slightly larger effect for the data with lower subcooling, but the difference is 
very small. Figure 23 also shows that the roughness effect decreases with the increase of tube 
diameter. 
In order to analyze the effect of roughness on the predicted mass flow rate for tubes with 
different length and different inlet pressure and subcooling, an average roughness of 0.2959 JlIll 
was selected to made the prediction of the mass flow rate from the model. Figure 24 shows the 
result. It is clear that the roughness effect will increase with the capillary tube outlet Reynolds 
number. 
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TWO-PHASE FRICTION FACTOR EFFECT 
Melo et aI. (1992) analyzed the effects of friction factor on the mass flow rate and found that 
different friction factor equation give almost the same results for the single phase region, but for 
the two-phase region, friction factor has remarkable effect on the mass flow rate. 
Figure 25 shows the adiabatic process of R134a in the capillary tube on the P-h diagram. The 
three cases corresponding to three different inlet subcooling, and the result show that with the 
increase of subcooling, the outlet pressure will be increased (the corresponding two-phase region 
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length and outlet quality will reduced). It means, with different inlet subcooling, the two-phase 
friction factor will have different effect on the mass flow rate. 
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Figure 25 Adiabatic process of R134a in capillary tube 
The friction factor affects the mass flow rate through the momentum equation (Equation 7). 
As Re increases downstream of the flash point, friction factor decreases according to the Moody 
chart. Different fonnulations have been proposed by different authors, some yield a lower 
viscosity (hence higher Reynolds number) and therefore predict a smaller pressure drop and higher 
mass flow rate. 
Figure 26 shows the pressure drop through the two-phase region of the capillary tube having 
an inlet subcooling of about 5°F(2.77°C), inlet pressure of 310.7 psia (2142kPa), tube inner 
diameter of 0.049 in (1.245 mm), total length of 46 in (1.168m) and mass flow rate of 78.77 
Ibm!hr(9.925 g/s). The calculation is based on the two-phase viscosity model of McAdams et al. 
The total pressure drop is caused by friction and acceleration. For certain length, the frictional 
effects are more important than the acceleration effects, but near to the exit plane, the pressure drop 
is dominated by acceleration and the frictional effects can be neglected. 
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Figure 26 Pressure drop through the two-phase region due to friction and acceleration 
Figure 27 shows the results for another case. In this case, the inlet conditions are the same as 
the case for Figure 26, except the degree of subcooling is about 25 DF (13.88°C) and the mass flow 
rate is 97.70 lbm/hr (1.231 gls). It is shown that, with the increase of subcooling, the two-phase 
region length will be reduced, and the frictional effect is reduced due to the strong acceleration. 
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Figure 27 Pressure drop through the two-phase region due to friction and acceleration 
Figure 28 compares the two previous figures. Since the length of the two-phase region 
decreased with the increase of subcooling, and the friction effect is reduced as subcooling 
increases. It also shows that the two-phase viscosity model will have its greatest impact on the 
mass flow rate for the case of low subcooling. 
29 
1 1800 
Pressure 
0.8 1600 
... 
9 1400 (.) '2 c!! 
8- 0.6 e Friction ~ 
.a 8 Acceleration 1200 ~ ~ 0.4 rIl rIl 
rIl 1000 &: &: 
0.2 800 
0 600 
0.700 0.800 0.900 1.00 1.10 1.20 
Axial location of two-phase region (m) 
Figure 28 Two-phase region pressure drop for different subcoolings 
CONCLUSIONS 
A mathematical model of adiabatic refrigerant flow through capillary tubes was presented. 
When using this model for R22, the Chen et al.'s metastable model was improved by a correction 
factor related to Reynolds number. After this correction, the model can predict most of the 
experimental data for R22 within ±5%. For R134a, with the original metastable correction, the 
model can predicted most of the experimental data with ±6% except the low subcooling data 
(subcooling is about SOF). 
By analyzing the Meyer and Dunn's data and also Bittle and Pate's data with the theoretical 
model, it appears that no metastable effect exist for R22 and R134a when the tube inner diameter is 
close to 0.040 in (the model overpredicted the mass flow rate), but this needs to be confinned by 
further experimental tests. The present metastable model can only increase the calculated mass 
flow rate, so it is useful for the case that the model under predicted the mass flow rate, but the 
metastable model cannot explain the case where that the model overpredicted the mass flow rate. 
Through a thermodynamic analysis of choked flow condition, different choked two-phase 
flow models were compared. The conclusion is homogeneous equilibrium isenthalpic model is 
more reasonable than other equilibrium models. 
The two-phase friction factor has a significant effect on the mass flow rate, especially for the 
data with small subcooling (metastable is not sensitivity to the low subcooling data). Further 
experimental studies may be needed to develop new mixing rules for two-phase viscosity. 
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The tube inner diameter needs to be calibrated to detennine the "actual" diameter. The 
existence of some diameter-related deviation between measured data and model predictions 
demonstrate the need for such measurements in order to separate metastable effects from 
uncertainties about the "nominal" tube inner diameter. 
Tube roughness has a negative effect on the mass flow rate. Calculations suggest that the 
roughness can affect the mass flow rate in the range of 0 to -5% based on different roughness. 
The roughness effect also increases with mass flow rate (or outlet Reynolds number). 
The metastable correction is very important for adiabatic capillary tube modeling, but the 
published metastable model is restricted to a limited parameter range and applies only to R12. 
Further experiments especially for different refrigerants and for different tube dimensions are 
needed in order to improve the published metastable model. 
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NOMENCLATURE 
A 
c 
C' 
Cc 
Dc 
D' 
e 
f 
G 
Gc 
h 
k 
K 
L 
~ 
m 
P 
Pexit 
P inlet 
p. 
Pv 
L\P 
Re 
s 
Tcrit 
Ts 
v 
x 
Greek 
p 
(J 
J.1 
e 
a. 
\jf 
E 
Symbols 
flow area, nr 
sonic velocity, m/s 
correction factor in metastable model, 
coefficient in entrance loss equations, 
capillary tube nominal inner diameter, mm 
reference length, m 
tube inner surface roughness, mm 
friction factor 
mass flux, kg/s.m2 
critical mass flux, kg/s.m2 
enthalpy, kJ/kg 
Boltzmann constant, 11K 
entrance pressure drop factor 
short tube length, mm 
incremental length, mm 
mass flow rate, g/s 
pressure, kPa 
short tube exit plane pressure, kPa 
short tube inlet plane pressure, kPa 
saturation pressure, kPa 
vaporization (metastable) pressure, kPa 
pressure difference, kPa 
Reynolds number 
entropy, kJ/kg.K 
critical temperature, K 
liquid temperature, K 
inlet subcooling, K 
velocity, rn/s 
specific volume, m3/kg 
quality 
density, kg/m3 
liquid surface tension, N/m 
viscosity, kg/s.m 
tube area ratio 
void fraction 
slip ratio 
roughness, mm 
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Subscripts 
f 
g 
liq 
m 
s 
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